Spinal cord injury (SCI) is one of the most serious clinical diseases and its treatment has been a subject of interest to researchers. There are two important therapeutic strategies in the treatment of SCI: replacing lost tissue cells through cells implantation and scar elimination. Therefore, in this study we used human adipose-derived stem cells (hADSCs) implantation and injection of Chondroitinase ABC. Aim of present study was to answer to this question: which one is more efficient for Improvement of locomotor recovery after SCI in rat? Transplantation of hADSCs or injection of ChABC.
Introduction
Spinal cord injury (SCI) is among the issues that affect individual lives and almost can be said all the individuals in society are at equal risk. In 2004, 11000 cases have been diagnosed in United States of America with this condition. SCI is one of the most serious clinical diseases and its prevalence is increasing year by year, although mortality rate from SCI has a decrement about 5%, but disability rate from SCI is almost remained at high level. Among these disabilities, "paraplegia" can be mentioned as one of the most important complications. Therefore expedition of locomotor recovery after spinal injury has been a subject of interest to researchers and professionals in neuroscience (1) . The extension of spinal injury can be different in individuals depends on type and area of injury (2) . The most common form of spinal cord injury is contusion that may damages spinal cord because of the physical impact and secondary cell damage by creating glial scarring around the injured spinal cord (3) . Recovery after spinal cord injury will be difficult due to axonal damage (4), demyelination and scar (5) . Spinal cord injury has two stages: Primary mechanical injuries and secondary injuries that exist through inflammatory responses. Neuropathology demonstrations of SCI contains: Edema, axonal damage, infiltration of inflammatory cells and increased astroglia (6) . Improvement of locomotor recovery after spinal cord injury depends on intensity of tissue damage. Spontaneous recovery after spinal cord injuries is very low (7) . In spinal Restoration process and Further Restoration, macrophages and astrocytes play significant roles through signals activation (8) . The efforts which may be done to improve the performance of injured spinal cord include: reduction of secondary injury development, intervention in neuro-inhibitory environment in injured area, replacing lost tissue cells through cells implantation, renewal of axon myelin loss, increasing potential recovery of local progenitor cells (9) . Different types of cells have been used by researchers to improve locomotor recovery in spinal cord injury (1, 10, 11) . One of these cells, stem cells derived from human adipose tissue (hADSCs), due to the production of neurotrophic factors such as nerve growth factor, brain-derived neurotrophic factor and glial-derived neurotrophic factor, can be efficient for restoration of function because of supplying appropriate neurological environment at the site of spinal cord injury. In this regard, many studies have shown that stem cells derived from human adipose tissue have the ability to repair traumatic nerve damage (12) . Cells that are extracted from the surface layer of abdominal fat have greater ability to create such an environment rather than cells that are extracted from deep layer (12) . One of the reasons that inhibit axonal regeneration after CNS injury is existence of impermeable cement scar in the site of injury (13, 14) . Several family of inhibitory molecules in the extracellular matrix along with reactive astrocytes create dense scar in site of injury that acts as a barrier to axonal regeneration (15) . Chondroitin sulfate proteoglycan (CSPG) produced by astrocytes and oligodendrocytes in site of injury is increased drastically, which results in limiting axonal regeneration (16) . Researchers have shown that CSPG is most abundant extracellular matrix molecules at the site of spinal cord injury and is associated with a Scar (17) . Other therapeutic strategies in the treatment of spinal cord injury that can be used are scar elimination. Chondroitinase ABC has the ability to eliminate these scars and deal with Neuro-inhibitory environment that has been created at the site of spinal cord injury. ChondroitinaseABC (ChABC) is a bacterial enzyme that digests glycosaminoglycan chains (GAG) in CSPG, which is the main component of the extracellular matrix. One of the effects of ChABC which have focused recently by researchers is that the axonal regeneration and functional improvement after lesions of the central nervous system can be done through digestion of GAC and CSPG chains by ChABC (18) (19) (20) .
According to the above description, the aim of present study was to answer to the question: which one is more efficient for Improvement of locomotor recovery after a spinal cord contusion model? Transplantation of hADSCs or injection of ChABC.
Materials and Methods

Animals
In this study we used adult male wistar rats (N=24) weighting between 250-350g (Pasteur Institute, Tehran). The study approved by medical ethics committee of Iran University of Medical Sciences. Animals kept in animal house standard conditions (temperature 21±3°C, 12 hr light/dark cycle) with free access to food and water.
Isolation of hADSCs
After attainment of patients written consents, fatty tissue was prepared from superficial layer of abdomen during liposuction surgery from 25-46 years individuals in Rasul Akram hospital (IranTehran). Isolation of human adipose-derived stem cells was performed according to Dubois et al protocol (21) . Fatty tissue was warmed in 37°C water bath before the initiation of Isolation. Then all the Isolation stages were performed under hood sterilized condition. 200 mg of fatty tissue for washing purpose was transferred to the tube containing 1% Penicillin/Streptomycin (Invitrogen) dissolved with warm phosphate-buffered saline (PBS, Invitrogen) and washing was continued until elimination of blood vessels, and connective tissue (commonly 2 times washing). Fatty tissue sample was minced by sterilized scissors and was transferred to the tube containing collagenase type I (Gibco,17100-017, USA) 0.1% and BSA 1% (dissolved with warm PBS)(Invitrogen) for digestion, then kept in water bath for 30 min for total digestion and homogenization of sample. After tissue digestion, the tube containing the sample was centrifuged at room temperature for 5 min at 1200 rpm speed. After discharging supernatant, formed plate was resuspended with BSA 1% solution and was again centrifuged to remove red blood cells using RBC lysis buffer. Ultimately after centrifugation and discharging supernatant, formed plate was resuspended with medium containing DMEM/Ham's F-12, FBS 10% and Penicillin/Streptomycin 1% and transferred to the tissue culture flasks. Flasks were maintained in incubator (temperature 37°C, CO2 5%, humidity 98%).
Flowcytometry analysis
In order to characterization of hADSCs, isolated cells were fixed in 5 th passages (after being harvested by trypsin) in paraformaldehyde 2% for 30 min. After two times washing with PBS, cells were incubated with antibodies against CD90, CD73, CD45, CD44, and CD31 for 30 min. CD44 and CD90 antibodies were directly conjugated with the allophycocyanin (APC). The Rat IgG2b was used for Table 1 .
Tagging Human Adipose-derived Stem cells (hADSCs) with GFP+ Recombinant lentiviral virus
Lentivral vector carry Copa-GFP gens under EF1 promoter produce under calcium phosphate standard protocol. lentiviral vector pCDH-311B with EF1-CopGFP (System Bio Inc.) , pMD.2 and p.sPAx.2 (Kindly gift from Dr Trono) was used for transfection HEK293T in 10cm plate with CoPo4 reagents. After 18 h we change medium with fresh DMEM -10% FBS. Recombinant viral collected in 24, 48 and 72 hr after change the medium and any time add 12 ml fresh medium to plate. Collected recombinant viral titer measured with transduction HEK 293T in 6 well plate in different log. Titer was about 1×10⁶ -3×10⁶ vp/ml. hADSCs transduction achieved with application of polyberen and spinfection enhanced transduction protocol with MOI 4-6. For maximum transduction spinfection repeated with fresh recombinant viruses for 3 times. hADSCs transduction assay with florescent microscope after 72 hr (Figure 2) .
Spinal cord injury model
Animals were anesthetized with IP injection of ketamine (80 mg/kg) and xylazine (10 mg/kg). Animals were placed in the prone position on the covered operating table with warm blankets. After shaving the skin in the thoracic spines area and prepping with Betadine, midline incision was created with a scalpel. After Pushing the subcutaneous fat and muscle to expose the vertebral lamina, laminectomy was performed at T8-T9 levels of spinal cord. Metal cylinder (weighing 10 g and 2 mm in diameter) was released on the exposed spinal cord from distance of 12.5 cm. Then the muscles and skin were sutured with 3/0 Suture. Postoperative care included: Ringer's solution administered to prevent dehydration (3 ml IP after surgery), administered gentamicin (0.8 mg/100 g, IP) for 4 days postoperatively and bladder massage twice a day, for all animals was performed.
Contusion model confirmation
To confirm contusion model, seven days after spinal cord injury one animal were selected to evaluation of cavity formation in lesion site. In order to this, mentioned animal were deeply anesthetized with ketamine and xylazine and transcardially perfused with 4% paraformaldehyde in 0.1 mol/l PBS (pH=7.4). A piece of spinal cord (length 1.5 cm), containing contusion location, was maintained in sucrose 30% overnight and was embedded in cryopreservation medium (OCT). Cross-sectional thickness of the 10 µm was made by cryostat from injured area. To observe formed cavity in the lesion site, slides were stained with Nissl staining.
Transplantation procedure
Animals were randomly divided into 4 groups include: 1-Sham operative group (n=6): laminectomy were performed in this group 2-Control group (n=6): SCI were achieved in this group 3-hADSCs group (n=6): 1×10⁶ hADSCs in the volume of 10µl were injected through intraspinal injection 4-Chondroitinase ABC group (n=6):10 µl of 100 U/ml Chondroitinase ABC (Sigma, C3667)were injected [diluted with 0.01% bovine serum albumin (dissolved with PBS)]. Seven days after SCI, all animals were anesthetized and contusion site were exposed.1×10 6 hADSCs were resuspended with 10 µl PBS and aspirated by Hamilton syringe. Cell transplantation and chondroitinase ABC injection were performed by Hamilton syringe with a sterile 30 gauge needle. After connecting the syringe to the micro-injector device (model 780310), needle in the midline were inserted 1-1.5 cm deep in spinal cord and during 2 min 5 µl were injected 1mm rostrally and then 1 mm caudally from the site of injury. For prevention of cells and enzyme leakage from injection site, after 2 min needle was withdrawn from spinal cord at the end of injection.
After each transplantation session, 1 sample of hADSCs from the Hamilton syringe was mounted onto a slide and stained with trypan blue to assess cell viability. Approximately 90% of cells were alive. and late phases (14-21) of recovery (22) . Mean scores of observers were recorded as a BBB score of each animal. BBB scores were recorded one week after SCI. Only the animals that had BBB scores under 2 were entered to study or else they were omitted.
Behavioral assessment
Histology
After the 8 th weeks animals were deeply anesthetized with ketamine and xylazine and were perfused transcardially with paraformaldehyde 4%. Segment of Spinal cords which contains lesion site (length 1.5 cm) removed and was maintained in sucrose 30% overnight and was embedded. Serial cross-sections (10 µm in thickness) were produced from samples with cryostat. These sections were stained with cresyl violet for the study of their general histology.
Confirmation of presence hADSCs in tissue
Mentioned sections were observed with flurocense microscope to confirm presence of hADSCs in tissue.
Measurement of the cavity size
For measurement of the cavity size, rats at postoperative 8 weeks were used. Serial crosssections were stained with cresyl violet (in each animal 10 sections at an interval of 50 µm), and examined under a light microscope equipped with a camera. The area of cavity in the spinal cord was measured with an image processing and analysis program ''Olysia Bio Report Soft Imaging System 3.2''on consecutive sections.
Statistical analysis
The statistical comparisons between groups were carried out using repeated measures analysis of variance (ANOVA) followed with the tukey test for Post hoc analysis. Statistical analysis was performed using SPSS version 15. A P<0.05 was accepted to denote statistically significance and all data were presented as mean ± SEM.
Results
Characterization of hADSCs Cell culture
Human adipose derived stem cells were cultured in DMEM/F12 with 10% FBS, and the majority of the cells remained in suspension, including cell population. Erythrocytes had been removed during tissue digestion. In order to remove suspended cells, the culture was washed three times with PBS, after which a few attached single cells or cell clumps were observed. DMEM/F12 with 10% FBS added to flasks. Attached cells proliferated and reached approximately 90%confluence in 25-cm ² flasks, the primary culture was trypsinized using 0.25% trypsin-EDTA (Invitrogen) and passaged at a culture expansion ratio of 1:4 until passage 5. Spindle-shaped or fibroblast-like morphology of proliferated cells were observed using inverted microscope ( Figure 1A ).
Flow cytometry analysis
hADSCs displayed positive staining for the specific mesenchymal surface markers CD44, CD73 and CD90 (Figuer 2B). hADSCs at passage 4 exhibited high levels of CD44, CD73 and CD90 which expressed from 92.35%, 82.65% and 97.67% of the total cell population, respectively. In contrast, only a small proportion of hADSCs expressed hematopoietic stem cell surface markers, including CD31 and CD45 which were expressed at 0.55% and 1.32% of cells, respectively ( Figure 1B) .
Contusion model confirmation
Seven days after the contusion injury, evaluation of sections stained with cresyl violet revealed the Figure 3 . The graph shows mean BBB after SCI until 9 weeks. Significant difference between Ch ABC and Control groups started At once week after injection (14 days after surgery) (*P<0.001). Significant difference between hADSCs and Control groups started At third week after injection (28days after surgery) (**P<0.01).At eighth week after injection (63 days after surgery) there was significant difference between Ch ABC, hADSCs and Control groups(▼P<0.01) formation of several differently sized vacuoles and cystic cavities at the site of injury.
Locomotor function
At the 7 th days after SCI, the contusion site was injected with hADSCs and ChABC. For assessment of locomotor function after injection of hADSCs and ChABC, we used the BBB scale. At 8 th weeks after injection (63 days after surgery), injection of hADSCs and ChABC promote locomotor function (P<0.01) such that hADSCs (10.83) and ChABC (10.56) groups show significant increase in BBB Score compared with the control group (5.70) (P<0.01) and this trend indicate that hADSCs and ChABC is necessary for locomotor function recovery. At1 st week after injection (14 days after surgery) the ChABC group (8.12) show significant increase in BBB Score compared with the control group (1.50) (P<0.001) and this increment was maintained until 8 th weeks. In hADSCs group until 3 th weeks after injection (28 days after surgery) BBB Score was not shown significant difference compared with control group but at 3 th weeks after injection, hADSCs group (8.67) shown significant increase in BBB Score compared with the control group (3.50) (P<0.01) and BBB Score was increased gradually until 8 th weeks after injection (63 days after surgery) (Figure 3 ).
Histology and Confirmation presence of hADSCs in tissue
For assessment of changes in cavity volume, the host spinal cord tissue was stained with cresyl violet. Non-treated animals with SCI showed the formation of large cavities ( Figure 4B ). The spinal cords of treated animals had cavities much smaller than those of non-treated animals ( Figure 4C, D) . These results showed that hADSCs transplant and Chondroitinase ABC injection reduced the formation of cavities after contusion model of spinal cord injury. Fluorescence microscopy (Olympus AX 70) reveals that GFPpositive hADSCs, transplanted at the site of injury, survived and reorganized around the cavity center ( Figure 5 ). 
Cavity size
The spinal cords of hADSCs and ChABC-injected group had cavities much smaller than those of the control group (Figures 4C, D) . In the hADSCs-injected rats showed a cavity size of 2618461.44 µm 2 and ChABC-injected rats showed a cavity size of 3338041.09 µm 2 on average, whereas the control rats showed a value of 6417159.48 µm 2 on average. These values of cavity volume were significantly different between the hADSCs, ChABC-injected groups and control rats (P<0.001) (Figure 6 ).
Discussion
The most of the human spinal cord injury during the accident, falling down and Sports Injuries occurs due to contusion. Damage to the vertebrae column and eventually inserting bone or inter vertebrae discs into the spinal canal space, is the main cause of the SCI (23) . Therefore, in this study due to the common natural models of the SCI, contusion model is used. In most cases progressive necrosis of spinal cord tissue is caused formation of cavity (24) (25) (26) . Also, in this study cavity was formed at SCI site ( Figure 3) . Flux of inflammatory cells causes a fluidfilled cavity or cyst that this process is known as secondary injury. Secondary injury caused the activation and proliferation of astrocytes that is able to cover holes or cysts with glial scar. The glial scar as an inhibitory factor, degeneration of myelin, prevents proper nerve conduction to correct path (23) . Axonal regeneration with reduction of cavity size as a treatment strategy can improve motor function in SCI (27) (28) (29) .
In this study, the groups treated with hADSCs and ChABC, the Cavity volume was significantly decreased compared to controls. Also in treatment groups, BBB score shows the significant increment rather to control group that Cavity volume in treatment groups is consistent with increased BBB score. This study shows that implantation of hADSCs leads to improvement of locomotor function by reduction in volume of cavity.
Presence of hADSCs in the injury site at least in 8 weeks, causes in volume cavity reduction (30, 31) . Fluorescence microscopy confirms the presence of cells in the end of 8 th weeks. Other studies are also reported cavity volume loss after SCI with transplantation of cells such as bone marrow stromal cells (BMSCs) (24, 32, 33) and neural progenitor cells (NPCs) (34, 35) . Like to BMSCs (24, 32, 33) and NPCs (34, 35) , hADSCs (36) cannot differentiate totally into neurons after transplanting into the injured spinal cord and remain undifferentiated. According to these explanations, BBB score increase and improve motor function in hADSCs maybe not due to neuronal differentiation of hADSCs but may be due to the production of useful growth factors for neural tissue. Cytokine secretion by hADSCs, such as interleukins, stem cell factor (36, 37) , NGF and BDNF (38) have been reported. Glial cell proliferation and in addition axonal growth at the site of SCI can reduce Cavity volume. Cavity volume reduction maybe not related to a specific factor, but the result is the accumulation of several factors (39) . One of the therapeutic strategies for SCI is dealing with chondroitin sulfate proteoglycans in order to prevent the formation of glial scar because this inhibitory environment is one of the barriers for axonal growth and recovery of motor function. Attenuation the role of chondroitin sulfate proteoglycans leads to wide range of axonal regeneration cascade and consequently restoring nerve regeneration in injured site. ChABC degrades glial scar (40) , particularly chondroitin sulfate proteoglycans, reduces expression of glial fibrillary acidic protein (41) in injured site and in this way reduces inappropriate microenvironment in injured site. Field studies showed that this enzyme, ChABC, significantly increases the expression of growthassociated protein-43 and significantly reduces the extent of necrotic area containing Cavity (41) and improves motor function in SCI (18) . Therefore in this study ChABC was used to counters the Neuroinhibitory environment. The results of present study also confirm findings of previous studies in such a way that significant cavity volume reduction and motor function improvement was observed in ChABC group. One week after SCI, astrocytes and glial scarring at the site of a lesion creates a Neuroinhibitory environment where become one of the major challenges for therapeutic interventions in SCI. Currently, the most common intervention in the treatment of SCI is cell therapy in such a way that inappropriate microenvironment does not take into consideration adequately. The aim of our study is comparing of motor function improvement in adopting of two treatment strategies for SCI, containing counter with inappropriate microenvironment and cell therapy in lesion site.
Conclusion
Our results shows dealing with Neuro-inhibitory environment by ChABC causes reduction in cavity volume and motor function improvement is equal to cell therapy with hADSCs. Innovation of this study regarding its results is that dealing with inappropriate Neuro-inhibitory environment and glial scar by ChABC have equal role compare to cell therapy for improving motor function after SCI and this result in adoption of proper therapeutic strategies for SCI intervention is important.
It is suggested that, Differentiation of transplanted cells into mature neurons also synapse of them with endogenous neurons to be investigated, Locomotor Function tests to be performed at 16 weeks and Scar changes at the cellular and molecular level to be investigated.
